Small ruminant lentiviruses (SRLVs) cause chronic, persistent infections in 20 populations of domestic sheep and goats throughout the world. In this study, we use 21 genomic data to investigate the origins and history of the SRLV pandemic. To explore the 22 42 infections in domestic animals, so that more effective control and eradication programs can 43 be developed. 44 45
hypothesis that SRLV infection disseminated during Neolithic times, we performed a serology 23 and DNA sequencing-based investigation of SRLVs diversity in the Fertile Crescent region, 24
where domestication of sheep and goats is thought to have originally occurred. While we 25 found an elevated level of viral genetic diversity compared to other regions of the world, we 26 did not find unambiguous evidence that the Fertile Crescent region was the centre of the 27 contemporary SRLV pandemic. We therefore examined historical reports to investigate the 28 relationship between contemporary SRLV distribution and diversity and the emergence of 29 SRLV-associated disease. Historical data suggested that the emergence of SRLV-30 associated disease might be associated with the long-distance export of exotic small 31 ruminant breeds -in particular, karakul sheep from Central Asia -during the late 19 th and 32 early 20 th centuries. Phylogeographic analysis could neither confirm nor refute this 33 hypothesis. However, we anticipate that future accumulation of genomic data from SRLV 34 strains found throughout the world may allow for a more definitive assessment. The openly 35 available data and resources assembled in this study will facilitate future investigations in this 36 area. 37 38 Importance 39
Viruses that cause chronic, persistent infections have circulated in animals for 40 millions of years. However, many have only emerged as pathogens within the far shorter 41 timeframe of recorded human history. It is important to understand the history of chronic viral samples obtained from 449 animals: 221 goats and 228 sheep. A total of 36 goat, sheep and 83 mixed flocks were sampled, with ten to fifteen animals in each flock being selected at random 84 for plasma sampling. Of the initial 449 animals tested in Lebanon, ~15.6 % (70 samples in 26 85 flocks: 20 goat; 50 sheep) were seropositive for exposure to SRLVs. Serotype was 86 determined for a representative subset (n=45) of positive samples using Whole blood was spun at 3500rpm, the serum and buffy coat collected, and stored at -20C 88 for further testing. ELISA assays were performed as described in (12) . Net absorbance was 89 obtained by subtracting the absorbance of negative antigen from the absorbance of each 90 recombinant antigen. Cut-off value was defined as percentage of reactivity 20% of the 91 absorbance of positive control included in each plate. Genomic DNA was extracted from 92 stored white blood cells (buffy coats) using the DNeasy Blood and Tissue kit (QIAGEN), and 93 quantitated using a nanodrop. Nested PCR was performed on the Gag region of the genome 94 as described previously (13) . PCR products were TA cloned into pCR4.0 sequencing vector 95 (Life Technologies) and sent for sequence analysis (Genewiz). Viral sequences generated in 96 this study have been submitted to GenBank under accession numbers KU170752-97 KU170766. 98 99
Dataset construction 100
Previously published SRLV sequences were retrieved from GenBank in 2015 using 101 the following search phrases to query the 'Organism' field: 'Maedi Visna virus'; 'Ovine 102 Progressive Pneumonia Virus'; 'Caprine Arthritis Encephalitis Virus'; 'Small Ruminant 103 Lentivirus'; 'Ovine lentivirus'; 'Caprine lentivirus'. We filtered the 5,255 sequences recovered 104 via this means to derive a subset of 585 previously published sequences that each 105 represented a distinct infection. For each determined the pubmed ID of the study it was 106 obtained in, the isolate name, the year of isolation, and the host species (sheep or goat). 107
This information was obtained from GenBank files where possible, or else from scientific 108 papers associated with the published sequences, and failing that via direct contact with study 109 authors. Sequences in this dataset were aligned using a combination of MUSCLE (14) and 110 Pal2Nal (15). We used GLUE -a data-centric bioinformatics framework for working with 111 virus sequence data (16) The dispersal between countries was estimated using the discrete state 142 phylogeographic approach described in Lemey et al. (18) using a symmetric substitution 143 model and implementing the Bayesian stochastic search variable selection model (BSSVS). 144
The Bayesian GMRF skyride coalescent model was selected as a flexible demographic tree 145 prior. Stationarity was assessed on the basis of the effective sampling size (ESS) after a 146 10% burning using Tracer and two independent runs were generated to confirm 147 convergence. The two independent runs were combined using LogCombiner and 148 summarized with TreeAnnotator. In cases where there was a large amount of uncertainty in 149 the node heights resulting in negative branch length, the common ancestor tree was used to 150 summarise the trees instead of the Maximal Clade Credibility topology. Whole genome 151 analysis did not produce ESS values above 100 for the root height and a number of other 152 parameters for SRLV-A and SRLV-B probably due to insufficient data. (Figure 1a) . The presence of highly divergent SRLV genotypes in remnant populations 160 of primitive small ruminant breeds (genotype C in Norway, genotype E in Sardinia) is 161 consistent with an ancestral radiation of SRLV genotypes out of the Fertile Crescent region in 162 association with the diffusion of early agricultural systems during the early Neolithic (20, 21) . 163
However, this pattern might also be accounted for in other ways (e.g. each genotype might 164 represent an independent introduction of virus into the domesticated small ruminant 165 population from a wild ruminant species). 166
We carried out a study of SRLV diversity in the Fertile Crescent region to investigate 167 whether this area might have been the centre of an ancient SRLV radiation. We focused on 168
Lebanon, a country in the Levant region, where (Figure 1b) , where some of the earliest 169 human civilizations are believed to have developed (22). Serological testing of 886 animals 170 indicated that diverse SRLVs are present in both countries ( Table 1) . Furthermore, overall 171 prevalence was relatively high (~21%) in comparison with previous global surveys (23), but 172 similar to estimates obtained in other countries in the region (13, 24) . We used PCR to obtain 173 gag gene amplicons from a randomly selected subset of our SRLV-positive samples (primers 174 are listed in Table S1 ). 175
We obtained amplicons from fifteen samples and investigated their evolutionary 176 relationships to a representative set of published sequences (Figure 2) . In phylogenies 177 constructed using this dataset, three distinct clades of Levantine isolates (Lev I-III) were 178 observed. The Lev-I and Lev II clades grouped robustly within the diversity of previously 179 characterized SRLV-A isolates, while Lev-III was relatively distinct from all previously 180 sampled SRLV genotypes. A full-length proviral genome sequence has previously been 181 recovered for one Lev-III isolate sampled in Jordan (Jord1). We used full-length genome 182 sequences to reconstruct the phylogenetic relationships between Jord1 and other SRLV 183 genomes, showing it is approximately as distantly related to established SRLV genotypes as 184 they are to one another ( Figure S1) . 185
While the Lev III clade is highly divergent, it does not represent an obvious ancestor 186 to all other SRLV genotypes. Furthermore, although the overall level of diversity in the Fertile 187 Crescent region appears to be relatively high, based on observations from our study and 188 others (10), the range of genotypes and novel lineages identified was not as exceptionally 189
high as might be expected if this region were the centre of an ancient SRLV radiation (i.e. 190 similar to the high diversity of human immunodeficiency virus type 1 (HIV-1) found in areas of 191 West Central Africa). In fact, most of the isolates detected in our study grouped within the 192 diversity of pandemic SRLV-A strains found in Europe and North America, indicating they are 193 as likely to have been imported into the region as exported from it (Figure 2) . 194
195

Recorded history of pandemic SRLV emergence and spread 196
Previous epidemiological studies have indicated that pandemic spread of SRLVs may 197 only have occurred relatively recently (6, 23, 25, 26) . They do not appear to have spread in 198 parallel with the first European colonists, as seems to be the case for many other livestock 199 pathogens (27, 28) . For example, SRLV-A has never been reported in Australia or New 200 Zealand, where sheep are largely descended from animals imported in the 19th century from 201 the UK, Germany, South Africa and North America (6, 25) . This suggests that SRLVs were 202 not widespread during the 'Age of Discovery' (from ~1500 to ~1700), when the first exports of 203 small ruminants from Europe to Africa, Oceania and the Americas took place. 204
To explore the manner in which SRLVs emerged as globally distributed pathogens, 205
we reviewed the historical evidence for SRLV-associated disease in countries throughout the 206 world. For each country where SRLV infection has been reported, we determined the earliest 207 reliable evidence for the presence of the virus (Table S1, Table S2 ). Previous studies have 208 identified diseases reported in the past that appear likely -in retrospect -to have been 209 caused by SRLVs (1) Similarly, we observed that the pandemic spread SRLV-B (specifically subtype B1) 229 was conspicuously associated with Swiss dairy goat breeds, particularly the Swiss Saanen 230 breed ( Table S2) Phylogeographic investigation of pandemic SRLV spread 240
We used Bayesian phylogeographic approaches to investigate whether available 241 genomic data supported a role for breed dispersal in the emergence of pandemic SRLV 242 infection, as suggested by our investigation of historical records. We compiled a 243 comprehensive set of published SRLV sequences. From an initial set of 5,255 sequences, 244
we derived a subset of 697 that together represented 585 unique field isolates, each 245 obtained from a distinct infected animal ( Table 2, Table S3 ). We added the fifteen SRLV gag 246 sequences we obtained in Lebanon to this set. Together, this set of sequences represented 247 600 isolates sampled in a total of 30 countries, with dates of sampling ranging from 1949 to 248 2013. A preliminary phylogenetic analysis (data not shown) was performed to determine the 249 genotype of all sequences in this set. We then created individual multiple sequence 250 alignments (MSA) for each of the pandemic SRLV strains (SRLV-A and SRLV-B1). From 251 these alignments, we derived a total of eight alignment partitions (Table S4 ) -two within the 252 group-specific antigen (gag) gene, and two partitions within the polymerase (pol) gene. We 253 detected temporal structure in five of the eight datasets, despite the presence of outliers 254 (Table S5) Figure S2 (SRLV-A) and Figure S3 for (SRLV-B1). Table 4  257 and Table 5 provide information about specific nodes of interest in all eight phylogenies. We 258 obtained more robust results when using pol, however, we have included the results 259 obtained for gag as these provide some potentially useful insights regarding the epidemic in 260 specific parts of the world. 261
In general, phylogenies were only moderately structured as opposed to 'star-like'. We 262 obtained robust support for nodes near the phylogeny tips, particularly within clades of 263 viruses sampled from the same geographic region, but only a proportion of the deeper 264 branching relationships (i.e. between clades of viruses sampled in distinct counries and/or 265 geographic regions) had high support. For all four pol partitions, and one SRLV-B1 gag 266 partition, the location of the most recent common ancestor was placed in Switzerland. 267
Ancestral locations within Asia Minor were obtained for SRLV-A gag partitions, but with low 268 support. One SRLV-B1 gag partition placed the most recent common ancestor in the United 269 States (US), with moderately high support. 270
Overall, the results of Bayesian analysis were consistent with a scenario within which 271 both SRLV-A and SRLV-B1 disseminated worldwide from a European epicentre. Where we 272 were able to confidently estimate the location of deeper nodes in the phylogeny, we found 273 these were placed in Central Europe. By contrast, clades sampled in Asia, South America 274 and the around the Northern and Western periphery of Europe (i.e. Ireland, Norway, Finland) 275 were observed to have relatively recent common ancestors (Table 4, Table 5 ). 276
Although the lack of resolution in our phylogenies (as well as the limitations of 277 opportunistic sampling) prevented us from inferring the precisely the direction and timing of 278 global SRLV spread, we were able to confidently estimate tMRCAs for most of the MSAs 279 examined. For SRLV-A, we obtained tMRCA estimates in the late 19 th century -shortly 280 predating the first Karakul exports from Central Asia -for both reverse transcriptase (RT) 281 (1883 ( , 1820 ( -1923 and integrase (IN) (1887 ( , 1837 ( -1915 . The SRLV-A 282 gag partitions yielded more conflicting results: for the matrix partition (Gag MSA 1) we 283 obtained much older estimates with wide error margins, whereas the capsid partition (Gag 284
MSA 2) yielded a somewhat more recent tMRCA ( Table 3) . For SRLV-B1 the capsid 285 partition yielded unreliable tMRCA estimates with wide error margins. However, we obtained 286 more reliable and generally consistent results from the other three MSA partitions, which 287 provided tMRCA estimates of 1966 for RT (1958 95%HPD), 1952 for IN (1939 -1964 95%HPD), and 1972 for matrix (1957 (Table 4) . 289
290 Discussion 291
In this study, we used molecular phylogenetic approaches to investigate the origins 292 and history of pandemic SRLV spread. To investigate the hypothesis that SRLV originally 293 disseminated out of Western Asia during the early Neolithic period (i.e. in association with 294 domesticated small ruminants) we sampled SRLV strains circulating in the Fertile Crescent 295 region where domestication of these species is thought to have occurred. We found a 296 relatively high prevalence and diversity of SRLV strains, but we did not find obvious evidence 297 of the region having been the centre of an ancient SRLV radiation. The lack of clear evidence 298 that the various SRLV genotypes derive directly from a virus population that circulated in the 299 ancestral small ruminant populations from which modern breeds are derived, does not rule 300 out the possibility that they did. It could be that our sampling was not entirely representative, 301 or that SRLV diversity in the region has been greatly influenced in recent times by factors 302 such transport and migration (6). 303
To investigate the origins and timing of pandemic SRLV spread, we combined a 304 review of historical records with a phylogenetic investigation of SRLV genome data. Our 305 research led us to consider the possibility that the emergence of pandemic SRLV infection 306 might have its roots in the late 19 th and early 20 th century, during which time 'exotic' small 307 ruminant breeds were exported to Europe, North America and Africa. In particular, we noted 308 that historical reports suggest the early pattern of emergence of SRLV-associated disease 309
around the world appears -at least superficially -to be correlated with the export of karakul 310 -a breed of fat-tailed sheep, native to Central Asia (Figure 3) . Even though it was 311 established relatively early on that SRLV-A infection was imported to Iceland along with a 312 flock of karakul sheep in the 1930s, this breed has not previously been implicated in global 313 spread of SRLV. However, a role for karakul in the early emergence of SRLV-A might easily 314 have been missed if the SRLV strains exported along with this breed were not associated 315 with obvious disease in their natural host. Current evidence indicates that Lentiviruses, 316
including some SRLVs, are relatively apathogenic in populations with which they have 317 longer-term associations (36, 37) . Thus, in the light of what we now know lentivirus pathology 318 and its relationship to host genetic variation, a plausible hypothesis accounting for the 319 emergence of pandemic SRLV-associated disease is that it was driven by the introduction 320 (via karakul export) of Central Asian SRLV strains into populations of small ruminants in 321
Europe, Africa and America that had previously only been exposed to SRLV strains prevalent 322 in Europe. 323
We propose that the early spread of SRLVs could have been enabled by the creation 324 of new contact networks in livestock populations, leading to particular small ruminant breeds 325 and populations being brought into contact for the first time. Subsequent to this, the 326 development of international livestock trade (6) To investigate whether available genomic data supported this hypothesis, we 334 performed a phylogeographic analysis of the available sequence data for the pandemic 335 SRLV strains A and B1. Overall, results were consistent with both strains having spread 336 worldwide relatively recently (i.e. within the 20 th century), emerging from a Eurasian source. 337
For SRLV-A, we obtained tMRCA estimates in the late 19 th century -shortly predating the 338 first Karakul exports from Central Asia -and thus consistent with a scenario under which 339 these exports ultimately led to the emergence of an SRLV pandemic. 340
SRLV-B1 appears to have disseminated globally more recently than SRLV-A, from an 341 unknown source in Europe. Global spread of this SRLV lineage is conspicuously associated 342 with Swiss dairy goat breeds in general, and the Saanen breed in particular (Table S2) . 343
Many of the first reported outbreaks of SRLV infection in goats involved this breed, which 344 was first exported from Switzerland in the late 19 th century, and has subsequently been 345 introduced to many countries throughout the world (34). However, given that (i) SRLV 346 infection is known to cause disease in Saanen and other Swiss dairy goat breeds, and; (ii) 347 these breeds have been exported from Switzerland since the late 19 th century (34), It seems 348 unlikely that Swiss dairy goats are the ancestral hosts of SRLV-B1. One possibility is that 349 spread of B1 from a Swiss epicenter was preceded by the introduction of novel SRLV 350 diversity into the Swiss small ruminant population during the early 20 th century. 351
A major limitation of our analysis is that the majority of sequence data we examined 352 was opportunistically sampled from what was already available in GenBank. Sampling of 353 SRLV diversity so far has been patchy, and in addition, most of the available sequences are 354 sub-genomic (see Table 2) , which limits what can be inferred. Furthermore, sampling is 355 heavily biased toward certain areas, distorting our phylogeographic inference. For example, 356
Switzerland was probably the most thoroughly sampled country in our dataset, thus the 357 phylogeographic placement of the SRLV-A and SRLV-B MRCAs in Switzerland has to be 358 viewed with some caution. Interestingly, however, Karakul are documented as having been 359 present in Switzerland since at least the early 1930s (38) . 360
Test and removal programs are currently used as a means of controlling SRLV 361 infection, with varying levels of effectiveness (39). In fact, recent years have seen the 362 emergence of SRLV infection in countries where it had not previously been documented, as 363 well as the re-emergence of disease in areas where it had been considered to be under 364 control (40, 41) . We therefore anticipate that the use of genome data to investigate SRLV 365 breakdowns will increase in future. The increased availability of genome sequences from 366 SRLV strains found throughout the world -particularly in Central Asia -should eventually 367 allow for a more definitive assessment of the hypothesis presented here, and provide a clear 368 picture of the pattern of pandemic SRLV spread. The more ancient spread of SRLV viruses, 369 which is proposed to date back to the Neolithic, is unlikely to be amenable to 370 phylogeographic analysis due to the time-dependence of viral evolutionary rates (42). 371
However, the overall distribution of SRLV strains in Europe and Asia (particularly Central 372 Asia) may well be revealing in this respect. The resources assembled in this study will not 373 only facilitate further investigation of historical SRLV spread, but can also provide a 374 foundation for the development of SRLV surveillance systems that utilise genomic data. 375 
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